We propose a novel scheme for an electro-optic modulator based on plasmonically enhanced graphene. As opposed to previously reported designs where the switchable absorption of graphene itself was employed for modulation, here a graphene monolayer is used to actively tune the plasmonic resonance condition through the modification of interaction between optical field and an indium tin oxide (ITO) plasmonic structure. Strong plasmonic resonance in the near infrared wavelength region can be supported by accurate design of ITO structures, and tuning the graphene chemical potential through electrical gating switches on and off the ITO plasmonic resonance. This provides much increased electro-absorption efficiency as compared to systems relying only on the tunable absorption of the graphene. [4, 5] , and electrooptic modulators [6, 7] . The graphene-based electro-optic modulator relies on the gate voltage-dependent optical absorption of graphene [6, 7] . Although the absorption coefficient of graphene is extremely large compared with other materials commonly used in the near infrared (NIR) spectrum (3 orders of magnitude higher than that of germanium at 1.5 μm, and 4 orders of magnitude higher than that of silicon at 1 μm), the total absorption of a monolayer graphene is only about 2.3% for vertically incident light, simply because of the atomic thickness. Planar waveguide structures have been implemented to increase the interaction length between the guided-mode optical field and the graphene [4, 5] . An electro-absorption optical modulator with 10-dB extinction ratio was achieved with a 100-μm-long silicon waveguide embedded with a monolayer graphene [6] . Because the mode field diameter of a silicon optical waveguide is approximately 4 orders of magnitude larger than the thickness of a monolayer graphene, the interaction between the optical field and the graphene is intrinsically weak. As a consequence, the modulator has to have long enough waveguide to achieve the required electro-optic tunability and the signal extinction ratio, which would result in relatively large capacitance, slow modulation speed, and large electrical power consumption. Thus, enhancing the interaction of optical signals with graphene is critically important to realize practical electro-optic devices that rely on the tunability of graphene.
Due to the exceptional optical and electronic properties, graphene has attracted a great deal of attention in the scientific and engineering communities [1] . The twodimensional (2D) atomic structure of graphene leads to a low density of states for electrons and holes, making the chemical potential particularly susceptible to the density of carriers. The large shift in the chemical potential that can be achieved by applying a gate electric field across the graphene layer produces an extra charge accumulation in the energy bands and enhances both inter-band and intra-band electron transitions, allowing for efficient tuning of graphene's electric and optical properties. Such mechanisms have been successfully exploited for many practical applications, such as field effect transistors [2, 3] , photodetectors [4, 5] , and electrooptic modulators [6, 7] .
The graphene-based electro-optic modulator relies on the gate voltage-dependent optical absorption of graphene [6, 7] . Although the absorption coefficient of graphene is extremely large compared with other materials commonly used in the near infrared (NIR) spectrum (3 orders of magnitude higher than that of germanium at 1.5 μm, and 4 orders of magnitude higher than that of silicon at 1 μm), the total absorption of a monolayer graphene is only about 2.3% for vertically incident light, simply because of the atomic thickness. Planar waveguide structures have been implemented to increase the interaction length between the guided-mode optical field and the graphene [4, 5] . An electro-absorption optical modulator with 10-dB extinction ratio was achieved with a 100-μm-long silicon waveguide embedded with a monolayer graphene [6] . Because the mode field diameter of a silicon optical waveguide is approximately 4 orders of magnitude larger than the thickness of a monolayer graphene, the interaction between the optical field and the graphene is intrinsically weak. As a consequence, the modulator has to have long enough waveguide to achieve the required electro-optic tunability and the signal extinction ratio, which would result in relatively large capacitance, slow modulation speed, and large electrical power consumption. Thus, enhancing the interaction of optical signals with graphene is critically important to realize practical electro-optic devices that rely on the tunability of graphene.
We propose here a novel hybrid photonic-plasmonic platform for the realization of a graphene-based optical modulator operating at telecommunication wavelengths. Plasmonic structures represent an interesting avenue for the enhancement of light-matter interaction in graphene monolayers, mediated by the strong local optical field associated with surface plasmonic resonances [8] . In fact, plasmonic excitations in micro/nano-structured graphene have been explored in far-infrared (FIR) and THz spectral regions [9] [10] [11] . In the previously reported graphene-based NIR electro-absorption modulators, modulation is based on the tunable absorption of graphene, while in the present scheme, the graphene provides a mechanism of tuning on and off the resonant absorption of a plasmonic waveguide. As conventional noble metals such as Au and Ag have their plasma frequency in the visible or ultraviolet (UV) wavelengths, we have considered photonic waveguides loaded with indium tin oxide (ITO) nanostructures placed in close proximity of the graphene layer to maximize the sensitivity of the plasmonic resonance to the dielectric properties of graphene in the NIR region. In exploiting this mechanism, we have designed an ultra-compact graphene-based plasmonic electroabsorption modulator that is able to achieve an order of magnitude reduction in the required waveguide length as compared to a graphene-based all-dielectric modulator.
The configuration of the proposed electro-absorption modulator is schematically shown in Fig. 1 , which is based on a silicon ridge waveguide fabricated on a silicon-on-insulator (SOI) wafer. A monolayer graphene sandwiched in the middle of the waveguide provides the mechanism of electro-optic interaction through the modulation of its chemical potential. A 10-nm-thick dielectric layer of HfO 2 is placed underneath the graphene to electrically isolate the top and the bottom parts of the silicon waveguide. The width and height of the waveguide are 420 and 300 nm, respectively. To enhance the interaction between optical field and the graphene, a number of ITO bars are placed on top of the graphene layer to introduce the plasmonic effect. To simplify the analysis, the minimum separation between adjacent ITO bars was set as 10 nm, which is longer than the decay length of plasmonic near-field, and the coupling of plasmonic modes between ITO bars was negligible. In this configuration, the resonance condition of the plasmonic mode is susceptive to the dielectric constant of the surrounding materials including the graphene.
The complex conductivity of monolayer graphene can be calculated using the well-known Kubo's formula [12] , as shown in Eq. (1), which is the combination of the inter-band and intra-band absorptions represented by the 1st and the 2nd term, respectively. ω is the optical frequency, e is the electron charge, ℏ h∕2π is the reduced Planck's constant, f d ε 1∕e ε−μ c ∕k B T 1 is the Fermi-Dirac distribution function, ε is the energy, k B is the Boltzmann's constant, μ c is the chemical potential, T is the absolute temperature, and Γ is the scattering parameter. T 300 K and Γ 5 meV [13] was used in the calculation. The conductivity predicted by Eq. (1) can be converted into an in-plane complex refractive index: n g 1 − jσ∕ωε 0 δ g p , where ε 0 is the free space permittivity, and δ g 0.34 nm is the thickness of monolayer graphene. n g 1 for the out-of-plane index of graphene. At 1550-nm optical communications wavelength, the in-plane refractive index of graphene as the function of chemical potential is shown in Fig. 1(b) , where the imaginary part n i is primarily responsible for optical absorption.
Electro-absorption modulator based on monolayer graphene embedded in silicon ridge waveguide has been reported previously, with a maximum absorption efficiency of 0.1 dB∕μm determined by the graphene in the waveguide [6] , which was later increased to 0.16 dB∕μm by using two separate layers of graphene in the waveguide [7] . The absorption efficiency of these modulators was primarily limited by the low interaction between the propagating mode of the waveguide and the atomic-thin graphene layer. In order to achieve a 20-dB extinction ratio typically required in telecommunications, the waveguide length has to be longer than 100 μm. The device capacitance, C p , linearly proportional to the waveguide length, is a major limiting factor for practical applications, which causes slow modulation speed and high power consumption.
Surface plasmon resonances can be effective to confine the optical field far below the diffraction limit, and therefore to enhance the interaction between the optical field and the graphene placed in the plasmonic near-field region. The strength of plasmonic resonance is proportional to 1∕ε m Mε b where ε m and ε b are permittivities of the metal and the surrounding dielectric materials, respectively. M is a structural-dependent factor that varies with the geometry but is typically of the order of 1. Therefore, the conditions for plasmonic resonance can be met when the metallic permittivity is nearly opposite to the permittivity of the surrounding medium. Although noble metals, such as Au and Ag, are commonly used to create surface plasmonic effect, the negative values of their permittivities are very large, and their plasmonic resonances are typically in the visible wavelengths [14] [15] [16] . In comparison, transparent conducting oxide (TCO) such as ITO has a much smaller permittivity (also negative), allowing for the plasmonic resonance to be in the NIR wavelength region, and the permittivity value can be modified by the change of carrier density through σω; μ c ; Γ; T je 2 ω − j2Γ πℏ
doping [17, 18] . This permits precise tuning of resonance wavelength suitable for different dielectric constants of the surrounding materials. Therefore, the plasmonic effect introduced by the TCO bars shown in Fig. 1 can help concentrate the NIR optical field into the monolayer graphene, and the efficiency of electro-absorption can be significantly enhanced. Figure 2 illustrates the effects of one ITO rod on the waveguide dispersion. The blue curve represents the effective index of the waveguide without the embedded ITO rod. The red curve represents the effective index of the waveguide when one embedded ITO rod rests on the HfO 2 layer. The effect of the ITO structure is to modify the effective index of the fundamental mode of the waveguide by providing a source of dielectric polarization. Notice that the effective index of the mode in the ITO loaded waveguide is almost uniformly lower than the index of the unperturbed dielectric waveguide, except for the spectral region near the second resonant peak around 1875 nm. In any case, the effective index of the mode never exceeds the index of the Si background medium. This is an indication that the ITO structure is operating on a localized transverse plasmonic resonance, without supporting a guided plasmon polariton along the waveguide. This interpretation is consistent with the field distributions shown in the insets of Fig. 2 . For the telecommunication applications, we are primarily interested in the spectral region near 1550 nm, where the electric field of the surface plasmon is localized at the ITO-HfO 2 interface, consistent with the fact that the permittivity of the two media are nearly opposite. A strong plasmonic resonance also appears around 1875 nm but with the electric field mainly concentrated at the ITO-Si interface and the overlap between the resonant mode field pattern and the graphene layer is weak, thus the resonance condition is less susceptible to the conductivity changes in graphene. Notice that the bandwidth of the resonance near 1550-nm wavelength is wider than 30 nm, making it suitable for optical communication applications.
It is important to point out that the fundamental mode field distribution is not significantly altered by the ITO rod, except for the enhanced field in proximity of the plasmonic structure. As a consequence of these modematching considerations, the reflection at the junction with a simple Si input guide of similar cross-section are expected to be negligible. Figure 3 shows the comparison of electric field intensity on the graphene layer with and without the ITO bars. The field pattern shown in the inset of Fig. 3(b) refers the 1550-nm resonance in the presence of unbiased graphene (high absorption state). The presence of graphene modifies the plasmonic field distribution reducing the intensity of the hot-spots at the corners of the ITO-HfO 2 interface. Nevertheless, it is evident that optical field concentration on graphene is increased by approximately 2 orders of magnitude underneath the ITO bars because of the plasmonic effect. The simulations were performed with COMSOL multiphysics software package, and the following parameters were used in the simulation: ε d 4 is the permittivity of HfO 2 , and ε m −3.99 j0.13 is the permittivity of ITO at 1550-nm wavelength, corresponding to a doping density of 1.37 × 10 27 m −3 [17] . The permittivity of silicon is ε si 12.3, which is used as the dielectric medium to form the waveguide core. Because the dielectric materials surrounding the ITO bars, including HfO 2 , silicon, and graphene, have different permittivity values, their combined effect determines the plasmonic resonance wavelength. The complex dielectric constant of graphene is a function of its chemical potential μ c , and optical absorption can be turned from on to off when μ c is switched from 0 to approximately 0.5 eV as shown in Fig. 1(b) . This not only allows the electric control of optical absorption but also provides an effective mechanism of switching on and off the plasmonic resonance when ITO bars are used.
To maximize the differential absorption of the NIR optical signal introduced by electrical gating, the crosssection geometry of ITO bars can be varied for optimization. Figure 4 shows the calculated optical absorption per unit length along the waveguide by varying the width [ Fig. 4(a) ] and height [ Fig. 4(b) ] of the ITO bar crosssection. This was calculated with a single ITO bar placed on graphene layer in the middle of the waveguide. The absorption corresponding to 0 and 0.5 eV of graphene chemical potential shown in Fig. 4 represent the maximum and the minimum loss values, and their difference indicates the extinction (on/off) ratio the modulator can provide. Figure 4 shows that the extinction ratio can be maximized by optimizing the geometry of the ITO bar cross-section, which indicates that tuning of plasmonic resonance condition through graphene chemical potential is the dominant mechanism in this plasmonicgraphene guided mode structure. This is fundamentally different from the graphene-based modulators previously reported [6, 7] , where electro-optic absorption of the graphene itself was the dominant mechanism, and thus the value of absorption per unit waveguide length was intrinsically low. In the example shown in Fig. 4 , the optimum width and height of the ITO bar are in the vicinity of 27 and 12 nm, respectively.
As the width of the graphene layer in the silicon waveguide is 400 nm, multiple parallel ITO bars can be used to further enhance the efficiency of controllable absorption. Figure 5 shows the calculated unit-length absorption of the plasmon mode as the function of the graphene chemical potential for different numbers of ITO bars separated by 10 nm between each other. By increasing the number of ITO bars, the maximum differential absorption increases almost linearly because the 10-nm separation between them is much longer than the spreading of the plasmonic near field, and thus interaction between plasmon modes of different ITO bars is negligible. Although up to 10 ITO bars can be accommodated over the 400-nm wide graphene layer, a large number of ITO bars not only increases the extinction ratio, but also increases the minimum loss of the modulator, so that a trade-off has to be made for practical applications. For example, for a modulator using six ITO bars, the extinction ratio reaches to approximately 5 dB∕μm, which is more than an order of magnitude higher than that without the plasmonic effect. According to Fig. 5(b) , the configuration with six ITO bars also suffers from an insertion loss of about 1.7 dB∕μm, which is a disadvantage common for optical circuits involving plasmonic effect. A trade-off has to be made between the extinction ratio and the insertion loss when choosing the waveguide length. Nevertheless, the combination of plasmonic elements with a graphene layer allows significant reduction of the waveguide length and the size of the electrode, which is essential to reduce the intrinsic capacitance of the device for high-speed operation with low power consumption.
Practically, the deposition of materials on graphene is difficult with many conventional physical or chemical vapor depositions as energetic particles and reactive chemicals from the deposition sources cause damages on graphene. This problem may be solved by evaporating a thin protecting interfacial layer such as Al film on graphene and converting it to insulating AlOx upon exposure to oxygen before ITO and Si layers growth atop using atomic layer deposition. [19, 20] In conclusion, we have proposed a highly efficient electro-optic modulation mechanism based on plasmonic graphene for applications in NIR optical communications wavelength. ITO is used to produce plasmon resonance at the NIR wavelength, and the interaction between optical field and monolayer graphene is significantly enhanced by the plasmonic effect. Tuning of graphene chemical potential through electrical gating switches on and off the ITO plasmonic resonance, providing much increased electro-optic efficiency compared to only relying on the tunable absorption of the graphene. This mechanism enables the design of electro-absorption modulators with significantly reduced size and intrinsic capacitance, critical for integrated photonic circuits with high-speed operation and low power consumption.
